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We used backscattering Raman techniques to study the effects of quantum 
confinement and interface on the phonons in artificially built semiconductor 
structures. Two types of samples, ZnSe heterostructures grown on GaAs substrates 
and CdSe quantum dots (QDs) embedded in ZnSe, were studied. The interplay 
between photo-generated carriers and the built-in ZnSe/GaAs interfacial electric 
field in the heterostructures was probed by excitation power density dependent 
studies. We find that there is a reversal of the built-in electric field when the 
thickness of the buffer layer increases. Two types of measurements, (i) angular 
dependent studies, and (ii) excitation energy dependent studies were made on the 
QDs. By analyzing the polarization of the phonon modes through the angular 
dependent studies, the selection rules of the QDs were investigated and compared 
with those of bulk ZnSe. In addition to the well-known scattering mechanisms in 
zinc-blende structured materials, we find that a new mechanism is needed to explain 
the presence of the forbidden mode in QDs and that impurities, even at very low 
concentrations, play a dominant role in the scattering processes. Moreover, two 
observed spectral features of QD Raman are noticeably different from those of bulk 
longitudinal optical phonon (LO); they are the blue shift and the narrowing of the 
QD phonon mode, when the excitation energy is tuned from 2.41 to 2.7leV. The 
occurrence of those features is attributed to the presence of two resonances: one is 
associated with the interfacial phonons while the other with the ZnSe LO phonons. 
Finally, we believe this is the first time that the Raman scattering efficiency of QDs 
has been measured. The measurements show that the scattering efficiency of QDs is 
about 100 times larger than that of ZnSe at the excitation energy of 2.4leV. The 
iii 
difference in efficiencies gets smaller when the excitation energy is tuned towards 
the Eo gap of ZnSe. 
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Chapter 1 Introduction 
1.1 General review 
Heterostmctures provide a wealth of physical phenomena and design options that 
may be exploited in advanced semiconductor devices. These advantages are 
traceable to the control which heterostmctures provide over the motion of charge 
carriers. This control can be exerted in the form of quantum-scale potential 
variations. The energy-band alignment is the most fundamental property of a 
heterojunction, and it determines the usefulness of various material combinations for 
different device applications. The band profile of a heterostructure is determined by 
the combined effects of heteroj unction discontinuities and carrier screening, and it 
determines many of the electrical properties of the structure. Transport through a 
heterostructure can be described at a number of different levels, depending upon the 
size and abruptness of the structure. 
Raman spectroscopy has the advantage of being able to nondestructively 
characterize the structural and electronic properties of deeply buried interfaces. An 
important aspect in considering semiconductor interfaces is the formation of an 
electrostatic potential barrier, band bending. The band bending at the interface of 
heterostmctures plays an essential role in determining the carrier transport and 
confinement properties. Two mechanisms can be utilized to extract the band bending 
from Raman scattering experiments, either via the coupled plasmon-LO-phonon 
mode (PLP) or through electric field induced Raman scattering (EFIRS) [la, lb]. 
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The PLP mode arises from a coupling between the LO phonon and the collective 
plasmon excitation of the free carriers through the macroscopic electric fields of both 
excitations. It can be used to determine the width of the depletion layer by 
comparing the relative intensities of LO and PLP modes. 
The EFIRS mainly arises from a tilting of the energy bands due to the additional 
electrostatic band bending potential [lb] at the interface, i.e. Frohlich scattering in 
general. It is sensitive to the surface electric field. The LO mode is proportional to 
the surface electric field. That means the larger the electric field the higher the 
intensity of the LO mode. 
In the past years, band bending in ZnSe/GaAs heterostructures of various doping 
types and doping levels has been systematically investigated by several groups 
through studying the GaAs LO phonon, whose intensity is enhanced by the built-in 
interfacial electric field [2-5]. Doping produces free charge carriers, whose density 
was determined through studying the Raman shift and the Raman intensity of the 
PLP mode [6]. For heterostructure grown at different rates, the built-in interfacial 
electric field was found to be different, which was reflected in the appearance of 
inhomogeneous EFIRS [5]. 
In recent years, a great deal of interest in the electron systems of reduced 
dimensionality in semiconductor has been stimulated by the discoveries of new 
physical phenomena and novel device applications. The advent of nanometer sized 
semiconductor structures called quantum dots (QDs) has made possible the study of 
solid state excitations in three-dimensionally confined geometries. This new 
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semiconductor structure is based on the idea of the heterostructures. However, 
greater degree of tailoring of the electronic spectra is possible in QDs than in 
heterostructures. In particular, the electronic density of states can be exploited for 
both electronic and opto-electric devices. In device performance, the carrier transport 
and confinement properties have been recognized as one of the most important 
factors. 
Resonant Raman spectroscopy is one of most powerful tools for studying the 
quantum confined systems and, in particular, the semiconductor QDs [7-10], where 
straightforward information about the phonon subsystem and the electron-phonon 
coupling in QDs is obtained. Such information is very important to the 
« 
understanding of the physics of confined systems and to the development of 
improved QD models. 
In many QD systems, like InAs QDs embedded in GaAs [11-15], Ge in Si [16,17], 
CdSe in ZnSe [18-22], and InAs in InP [23], the QD phonons have been widely 
investigated. For the observed Raman mode of the QDs, their characteristics are 
found to be different from those of the corresponding bulk zinc-blende material. The 
Raman mode frequency of the QDs are found to be between those of the bulk LO 
and TO [11,13,14,16-19,21]. According to references [24,25], interfacial vibration 
(IF) modes are of this character. The FWHM of the QD Raman mode is also broader 
than those of the bulk LO and TO. Moreover, the shift, intensity, and FWHM of the 
QD Raman mode vary as a function of excitation energy [11,18]. Their selection 
rules have been observed to be different from that of bulk phonons [19,23], i.e. a 
forbidden mode appears. Some groups [8-10,26-30] have proposed models to 
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explain the behavior of the QD Raman mode. The confinement effect on QD 
phonons is studied through the investigation of the dot size dependent studies, since 
smaller dots have larger confinement effects. Therefore, many groups have studied 
the dot size dependence of (i) surface phonon mode of QDs [31], (ii) electron LO 
phonon coupling in QDs [32], and (iii) polaronic effccts on an exciton in a spherical 
QDs [33]. Besides the dot size, the thickness of the capping layer can also alter the 
electronic properties of QDs [12]. Just like the bulk materials, impurities moreover 
play an essential role [27] in QD systems. Some researchers have calculated the 
binding energy of a hydrogenic impurity in a QD [27]. Basically, an essential step to 
get more information of the QD system is to understand the QD phonons clearly. 
1.2 Our work 
We have used Raman scattering to study (1) band bending at the interface of 
ZnSe/GaAs heterostructures, and (2) characteristics of QD phonons. 
(1) Band bending at the interface of ZnSe/GaAs heterostructure 
To study the band bending, we have performed excitation power dependent studies 
on a set of samples. Lattice mismatch induced dislocations are often found near the 
interfacial region of heterostructures. Optical and structural properties of the epilayer 
is greatly improved if a ZnSe buffer layer is first grown at a lower temperature. 
Since band alignment is very sensitive to the chemical as well as the structural 
properties of the interface, the presence of a buffer layer, although chemically the 
same as the epilayer, would have a significant effect. The samples, which contain a 
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very thin ZnSe buffer layer, 0 to 35nm thick, grown at a lower temperature than the 
much thicker ZnSe epilayer, by metalorganic chemical vapor phase deposition, were 
investigated. We found that the thickness of the ZnSe buffer layer has an effect on 
the band bending at the interface. Owing to the band bending, two distinctive 
features are observed: the EFIRS and the PLP. From studying these features, the 
band bending effect is investigated and the band alignments of the heterostructures 
are constructed. 
(2) Characteristics of QD phonons 
The selection rules of Raman scattering in QDs are investigated and compared with 
those of bulk ZnSe. To study the selection rules, angular dependent studies were 
carried out. Our investigations were limited to the backscattering geometry. 
Following well-known scattering mechanisms for zinc-blende structure, we analyzed 
the case for the QDs. The Raman scattering efficiency of the QD phonons had also 
been measured and compared with that of the bulk ZnSe in the energy range from 
2.41 to 2.7leV, through excitation energy dependent studies. The shift, intensity and 
FWHM of the Raman mode were also studied in several special configurations: 
z (x ' ,x ' )z , z(x,x)z , z(y ' ,y ' )z , z ( x ' , y ' ) z， z ( x , y ) z and z(y ' ,x ' )z . These 
configurations are used to ascertain the presence of the QD phonons. Together with 
the excitation energy and the angular dependent studies, the scattering mechanisms 
in the QDs are discussed, with reference to some well-known scattering mechanisms 
[34-41] in zinc-blende structured crystals. 
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Chapter 2 Experiment setup and procedures 
2.1 Sample preparation 
The ZnSe heterostructure and QD samples were grown by Mr. Ha Kwong Leung. 
The details of sample growth are described briefly here. 
2.1.1 ZnSe heterostructure 
ZnSe heterostructures with a thickness of about 0.3lam were grown on semi-
insulating (001) GaAs substrate in a MOCVD system with a horizontal reactor. The 
Zn and Se precursors used were diethylzinc and diisopropylselenide, respectively. 
The reactor pressure was kept at lOOtorr and the VI/II precursor flow ratio 1.7. 
Before the growth, the GaAs substrates were steamed in 1-1-1 trichloroethane vapor 
for 30 minutes, then etched in a (5:1:1) H2S04:H202:H20 mixture for 5 minutes at 
room temperature. The deoxidization of the substrate was performed by preheating it 
to 570°C for 6 minutes under a steady flow of H2 in the growth chamber. The growth 
was carried out by first growing a thin ZnSe buffer layer at 360°C, then a growth 
interruption of 3 minutes was introduced before the growth temperature was raised 
to 450°C to grow the ZnSe epilayer. The ZnSe epilayers grown showed 
unintentionally n-type doping. In this study, five samples were grown containing a 
buffer layer of different thickness. They are (A) Onm, (B) 4nm, (C) 16nm, (D) 28nm, 
and (E) 35nm. Estimated growth rates were 0.09fj.m/hour at 360°C and 0.4|am/hour 
at450°C. 
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2.1.2 Quantum dots 
Two quantum dot samples were grown: samples (A) and (B). The QDs have a 
density o f - 5 0 0 dots/|j,m^, heights of 4nm, and a lateral size of �4 5 n m . 
Sample (A) 
The growth was carried out by first growing a ZnSe layer on semi-insulating (001) 
GaAs substrate at 460 °C for 2400 seconds, then a growth interruption of 30 seconds 
was introduced before the growth of CdSe epilayer at the same temperature for 3 
seconds. Another growth interruption of 30 seconds was introduced after the growth 
of CdSe. Finally a capping layer of ZnSe was grown at 460 °C for 800 seconds. 
Sample (B) 
The growth of a thin ZnSe buffer layer on semi-insulating (001) GaAs substrate at 
360 °C for 1120 seconds was carried out, then a growth interruption of 180 seconds 
was introduced before the growth of another ZnSe epilayer at 450 °C for 2000 
seconds. Then a growth interruption of 30 seconds was introduced. After that, a layer 
of Zno.84Cdo.i6Se was grown at 450 °C for 6 seconds. Again a growth interruption of 
30 seconds was introduced. Finally a capping layer of ZnSe was grown at 450 °C for 
500 seconds. 
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2.2 Common aspects of Raman scattering 
A Coherent Innova 70 Argon ion laser was used as the excitation source in our 
studies. The scattered light was dispersed by a 0.85m Spex 1404 double grating 
spectrometer equipped with two 1200 grooves/mm gratings. Spectra were recorded 
by either one of the two available detectors: (i) an intensified photodiode array IP A 
(Princeton Instruments Co. IRY-700GR)，and (ii) a photomultiplier tube PMT 
(Hamamatsu R928). Moreover, either a holographic laser bandpass filter or an 
interference filter was used to filter out the plasma lines from the Argon ion laser. 
However, we just had those filters for the wavelengths at 514.5, 488 and 457.9nm. 
For the rest of the Argon lines, we chose a different scanning range to exclude the 
plasma lines from the spectra whenever possible. For polarization studies, we placed 
a Polaroid sheet in front of the entrance slit of the spectrometer as the analyzer. 
When the excitation energy was far from the resonant conditions for the materials, 
the Raman signal was very weak. The IP A detector was the only way to get spectra 
of good signal to noise ratio, without causing any damage on samples in prolonged 
excitation. The IP A detector must be used in combination with a supemotch or notch 
filter. This was because the intermediate slits of the spectrometer had to be open in 
this detection mode and their function of blocking unwanted scattering light was lost. 
If elastically scattered light were allowed to pass through, the detector would detect a 
huge background signal and became saturated. To avoid this, the holographic 
supemotch or notch filter was used to cut down the elastically scattered light. We 
had the holographic supemotch filter for wavelengths at 514.5 and 488nm, so we 
could only use the IP A at these two wavelengths. For the rest of the excitation 
wavelengths, we used the PMT detector. 
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Raman scattering was carried out in a backscattering geometry, using polarized 
lasing lines in the excitation ranging from 2.41 to 2.7leV, focused to an estimated 
10|am diameter spot by a 5X microscope objectives. Despite the tight focus, heating 
or laser damage of samples during the acquisition of the Raman spectra was not 
apparent. The coordinates used in the experimental setup for our Raman 
measurements are shown in Figure 1. X, Y and Z are the principle coordinate axes of 
the experimental setup. 
The incident excitation light propagated along Z -direction and its polarization was 
parallel to the X-direction, while the sample was placed on a platform so its (001) 
surface was in the X-Y plane. The Back-scattered light was reflected to the 
spectrometer by a "45 degree" mirror, having a small hole at its center. The entrance 
slit of the spectrometer and the ruling direction of the gratings were parallel to the Z-
direction. When using the IPA, the entrance slit was set to 200|im and the 
intermediate slits were open. When using the PMT, the entrance slit and the exit slit 
were set to 200|am, while the intermediate slits to 250)j,m. The spectral resolution of 
the spectrometer at the 200|j,m entrance slit setting was about 4cm"'. 
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Figure 1. Side view of the coordinate system used in our experimental setup. 
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2.3 General studies 
Our experiments contained two parts. The first was the study of the band bending at 
the ZnSe/GaAs interface. As the EFIRS and PLP are the evidence of its presence, we 
can construct the band alignment for the heterostructures through studying these two 
features by excitation power density dependent studies. The second was the study of 
the selection rules and the Raman scattering efficiency of QDs through angular 
dependent and excitation energy dependent studies. To verify that the selection rules 
for QDs are different from zinc-blende materials, like ZnSe, the angular dependent 
studies were carried out at both resonant and non-resonant conditions for QD 
samples (A) and (B), and ZnSe heterostructure sample (D). In the following 
discussion, the crystallographic coordinate system is used and we denote the [100], 
[010] [001], [110] and [110] directions of the crystal correspondingly as x, y, z, x’ 
and y'. Please note that the above crystallographic coordinate system (xyz) is 
different from the coordinate system of the experimental setup (XYZ) shown in 
Figure 1. 
2.3.1 Excitation power density dependent studies 
The interplay between photo-generated carriers and the built-in ZnSe/GaAs 
interfacial electric field in heterostructures were probed by excitation power density 
dependent studies. The heterostructure was placed on the sample platform with x’ 
parallel to the polarization of the incident light and z to Z. Unpolarized Raman 
spectra were measured, using 2.4leV photons as the excitation, at powers ranging 
from 〜5 to -lOOmW. As mentioned before, the laser beam was focused to an 
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estimated 10)im diameter spot. Therefore, the excitation power density was about 
�1 .5 -30 kW/cm . We began the experiment from low to high excitation power 
density. Then the Raman spectrum at low excitation power density was taken again 
to check if any laser damage of the sample had occurred. 
Through the measurements, we study the EFIRS and PLP. The strong electric field 
at the interface dissociates the photo-generated pairs, which cause a partially 
screening of the interfacial electric field and a reduction of band bending. The 
stronger the incident laser light, the higher the density of photo-generated carriers 
and thus the greater the screening. The effect of the EFIRS is reduced but the density 
of carriers is at such a level that allows the PLP to become observable. From these 
two features (PLP and EFIRS), we try to construct the band alignment of our 
heterostructure samples. Also we determine how the buffer layer thickness alters the 
band bending. 
2.3.2 Angular dependent studies 
To probe the angular profile of the Raman modes in QDs, we had rotated the sample 
about its crystallographic [001] axis from [110] to [110] at an increment of 15® by 
using a pair of specially designed sample holder and sample platform, which are 
shown in Figure 2. In this way, we aim to keep the incident light focused on the 
same spot of the sample for each rotation. However, this pair of sample platform and 
semi-circular-shaped sample holder could only ensure that the incident light be 
focused on a spot with a maximum displacement of about � 1mm when the sample is 
rotated. If the sample is inhomogeneous, this displacement error could give rise to a 
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Figure 2. The "side view" and "top view" of a pair of semi-circular-shaped sample holder and 
sample platform. The sample was pasted at the center of the semi-circular-shaped sample holder. 
We used the alignment pins embedded in the sample platform and the holes on the holder to fix 
the track for rotation about the center of the holder. The alignment pins were separated to each 
other by 15° and so do the holes. 
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difference in the absolute magnitude of Raman signal from spot to spot. The various 
directions in the angular dependent measurements are shown in Figure 3. We define 
the angle 9 as the angle between the polarization of incident light and the 
crystallographic direction [100]. Looking along the z-direction, 6 is defined as 
positive when it is measured from x in the clockwise direction. We had carried out 
the studies from 9 = -45^(315°) to 45� . For each 9, polarized and depolarized Raman 
spectra were measured. The polarized (depolarized) spectrum was defined as the one 
in which the polarization of scattered light is parallel (perpendicular) to that of 
incident light. In the polarization studies, the Polaroid polarizing sheet of the 
transmittance -0.35 was used. How the transmittance spectrum of the polarizing 
sheet was determined is shown in Appendix 1. 
2.3.3 Excitation energy dependent studies 
The Argon ion laser provided several lines in the energy range from 2.41 to 2.7leV 
to measure the resonant curve of Raman scattering. The excitation power density 
used was ~5 kW/cm at all excitation energies, except 2.71eV. It is because we 
found that the samples were damaged if we used the same excitation power density 
when the excitation energy was at 2.7leV. So the excitation power density was 








Rotational sense Z \ 
of sample 
y + X 
X 
Figure 3. Schematic diagram showing the placement of samples in angular dependent measurements. 
9 is defined as positive when it measured from x in the clockwise direction. 
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2.4 Peripheral measurements 
To avoid the effects of drifts of the experimental setup on our measurements, we had 
carried out each time during our experiment the measurements of spectral calibration, 
and alignment and system stability checks. The purpose of the spectral calibration 
was to reduce the error of Raman shift <1.5 cm"'. Besides, the integrated intensity of 
Raman signal was used to calculate the Raman scattering efficiency of unknown 
samples. Therefore, alignment and system stability checks are important to measure 
Raman intensity reliably, with about <20% fluctuation. 
2.4.1 Spectral calibration 
Unpolarized Raman spectra of a p-type Si (001) wafer, 10-20 Q-cm in resistivity, 
and a GaAs (001) wafer were used as known references to accurately measure the 
Raman shift of unknown samples. The calibrating procedures for the PMT and the 
IPD are different. 
PMT 
To perform the spectral calibration, we aligned x along X, and measured the peak 
positions of the LO phonons of GaAs and of the optical phonons of Si, recorded by 
the spectrometer, which was in A unit. The Raman shift of the optical phonons of 
GaAs and Si are 292 and 520cm"' respectively [42a]. At each excitation energy, we 
assume that the dispersion is constant in the spectral range of our measurement 
because phonon energy is comparative small, just a few tens of meV. To determine 
the spectrometer dispersion at different excitation energies, we made use of the 
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Raman shifts and the spectrometer readings of the peak positions of the LO phonons 
of GaAs and of the optical phonons of Si to calibrate the dispersion Di as follows, 
520 - 292 
Di = • 2VZ , � 
^Si —入 GaAs 
where XsjandX-Q^As �e the corresponding readings recorded by spectrometer for Si 
and GaAs respectively. The unit of Di is in cm"' A . � T h e results are shown in Table 
1 for various excitation energies. Then the peak position of the GaAs LO phonons 
was used as a reference (292cm"'). Finding the difference between the peak positions 
of the reference and the unknown sample, together with the appropriate dispersion 
values of Table 1，we can get the Raman shift Rs of the unknown sample, i.e. 
R s = 2 9 2 + (入 入 G a A s ) x D i , ( 2 ) 
where 入出1 is the spectrometer reading corresponding to the peak position of the 
unknown sample. Rs is in unit of cm"'. 
Table 1. The calibration of spectrometer dispersion at various excitation energies. 
Energy Wavenumber (cm"') per 
(eV) Unit angstrom  
2.41 ^  
2.47 — 3.79 ~ 
2.50 3.88 
2.61 4.21 
2.71 4.58 — 
IPA 
When using the IPA, the calibration method was different. A pair of gratings 
dispersed the scattered light onto an array of photodiodes. The basic detecting unit of 
the IPA is a pixel. A definite spectral range is covered by the 1024 pixels of IPA at 
the same time. To calibrate the spectral range in unit of A covered by a single pixel, 
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the peak position of the optical phonons of Si was used as a signal source. Firstly, we 
tuned the spectrometer to a value such that the Raman signal of Si was 
approximately focused onto the middle of the photodiode array. Then we recorded 
the exact pixel where signal peak was focused onto and the spectrometer reading. 
After that, we tuned the spectrometer to a certain position in either forward or 
backward direction but still kept the presence of the Raman signal within the range 
of the array. The new spectrometer reading and the pixel at peak signal focused onto 
were also recorded. So a single pixel can be calibrated in unit of A from these two 
measurements. Then, we recorded which pixel the peak position of the reference 
sample focused onto and the spectrometer reading. This pixel corresponds to the 
spectrometer reading. With the calibration of a single pixel, we could calibrate the 
detected spectral range in unit of A. By equation (2), the Raman shift of the 
unknown sample could be determined. The IPA can detect a spectral range of about 
�70人 or �200crr f i . What reference we used depended on the appearance of the peak 
position of the unknown sample. For example, if the peak position of the unknown 
sample appears at -250cm' ' , then the GaAs LO phonon mode (292cm'') is a suitable 
choice. 
2.4.2 Alignment and system stability checks 
Before measuring samples, the alignment of our experimental system was checked 
by measuring the peak intensity of the optical phonons of a Si reference sample. We 
aligned x along X. By adjusting the collection optics, a maximum peak intensity 
normalized to excitation power density was determined. Any deviation of this 
intensity was ensured to be <20% for day-to-day variations. Therefore, this 
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procedure minimizes the error in intensity measurements caused by optical 
misalignments. Due to the long accumulation time required in taking the spectra, 
long-term stability of our Raman setup could not always be maintained. To reduce 
effects of system drifts on our measured Raman intensities and shifts, stability 
checks and compensating adjustments were performed throughout the experiments. 
In between each measurement of the spectrum, the laser power density, the peak 
position and the peak intensity of the known sample, either Si or GaAs, were 
monitored and checked. 
2.5 The method of measuring the Raman scattering efficiency 
dS 
In our studies of the QD samples, the Raman scattering efficiency ——[43a], which 
dQ 
is the differential cross section per volume, is determined. 
Experimentally, one measures a Raman scattered power per unit incident laser power 
ip from a sample, which is given by 
M S 叫 ’ ⑶ ip Vd^J 
where Qg is the solid angle of light collection inside the sample, and K a correction 
factor accounting for incident and scattered power losses through absorption and 
reflection by the sample. The solid angle we measured is the solid angle Qq of light 
collection outside the sample. We getQ^by 
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Qs 和 丫 Qo， （4) 
U s J 
where n � a n d n^ are the refractive indices of air and the sample respectively. 
According to reference 43b, 
K = (1 - RsXl - Rl){1 - [ e x p - (as + )L]}, � 
OCs+OtL ‘ 
where L is the thickness of a plane parallel layer of the sample, RsandR^ are the 
reflectances of the sample at incident and scattered wavelength respectively, 
and a sand a^a re the corresponding absorption coefficiencies. In this calculation of 
K, we assume that multiple reflection does not occur inside the sample. 
Since the PMT detects the number of photon generated current pulses received per 
second, we need to relate the PMT measured current I to the Raman scattered power 
Ps through 
I = P s x T X D X G , (6) 
e 
where e is the electron charge, T the optical system throughput, D the detector 
response, and G the grating response. 
The optical system throughput T is defined as the percentage of light power 
transmitted through the collection optics. The detector response D is expressed as the 
photocathode radiant sensitivity, which is the photoelectric current from the 
20 
photocathode divided by the incident radiant power at a given wavelength. The 
grating response G is the reflectance of the grating as a function of the wavelength of 
the incident light. The Raman spectrum obtained was fitted with one or more 
Lorentzians and a background. I is taken as the integrated area of the fitted 
Lorentzian. Figure 4 shows an example of fitting the Raman peak of QD sample (A) 
excited at 2.4leV in the configuration z(y' y')z. The thick solid line is the baseline, 
the solid line the fitted Lorentzian, and the dotted line the fitted result with baseline 
subtracted. 
dS 
Therefore, we get ——of the sample by combining equations (3)，（4) and (6) 
dQ 
I ^ — — � (7) 
dQ Q o x K ' x D x T x G x i p 
where K'= 
ns 
In our experiments, we assume our optical system throughput T is equal to 1 because 
the surface of the collection optics has anti-reflection coatings. The transmittance is 
>90%. So it is reasonable to take this assumption. The solid angle of the collection 
optics outside the sample Qq , which is found to be �0 . 5 5 sr, is shown in Figure 5. 
We used a tungsten lamp to determine the product of G and D as a function of the 
wavelength of the incident light. Practically, the relative system spectral response R 
as a function of wavelength was measured and related by 
R = a X D X G , (8) 
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Figure 4. The peak-fit result of the Raman spectrum of QD sample (A) excited 
at 2.41eV in the configuration z (y ' y ' ) z . The thick solid line is the baseline, the 
solid line the fitted Lorentzian, and the dotted line the fitted result with the 
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Figure 5. The Q q of our experimental setup. 
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where a is a proportionality constant. The details of measuring R are described in 
Appendix 2. It is relative because we did not determine the absolute magnitude of a. 
To evaluate the magnitude of a, we divide the value of the relative system spectral at 
2.6leV, r, by the product of the value of the photocathode radiant sensitivity of the 
PMT, d, and the value of the reflectance of gratings, g, at the same energy provided 
by their manufacturer's data sheets. Then, 
a = — . (9) 
d x g 
dS 
Now, from equation (7),——of the sample is modified to be 
dQ 
巡 = _ _ _ ^ _ ^ (10) 
dQ Qq X K ' x R x d x g x i p 
mA 
At 2.61eV, d is - 6 5 ( ) and g is 0.5, as given by data sheets provided by the 
W 
manufacturers (Hamamatsu 1983 catalog, and data sheet of David Richardson 
dS 
Grating Laboratory respectively). The unit of ——is i n . 
dQ 
To avoid accounting for the systematic correction factors, like R and Q q , in the 
measurements of — , we used a comparison method in which — of a known 
dQ P dQ 
sample is used to determine an unknown sample. Since the systematic correction 
factors of our experimental setup are the same for all samples, the measured Raman 
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signal I of the unknown sample and I* of the reference are related to their Raman 
scattering efficiencies by 
� d S ) f d S 丫 I K’* r n � ——=—— X —X——• (11) 
[dQJ U^^J I K' 
dS 
From equation (11), we can find ——of the unknown sample by knowing three 
dQ 
/ ds V 
components: (i) Raman scattering efficiency of the reference — , (ii) the ratio of 
⑴ ... 
measured Raman intensities of the unknown sample to the reference — , and (iii) 
vl y 
fKi* 彳 f d s V 
the ratio of the K, factors of the reference to the unknown sample — . — of 
J vdUy 
the reference should be as constant as possible in our interested spectral region so 
that it would not overwhelm the Raman scattering efficiency of the unknown sample. 
In the excitation energy range from 2.41 to 2.7leV, Si is a suitable choice. — is 
V K j 
easily obtained by substituting the corresponding published optical constants into 
dS 
equation (5). Therefore,——of the unknown sample can be determined easily just 
dQ 
/ J \ dS . 
by knowing — . Using Si as the reference sample,——of the QDs relative to Si 
vl y ^ ^ 
were measured in configurations z(x ' ,x ' )z , z(x ' ,y ')z , z (x ,x )z , and z(x,y)z • 
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Besides the QDs, we have also measured — of bulk ZnSe and Si. As their s 
dQ dL2 
had been measured many years ago, we used them to check the reliability and 
dS 
accuracy of our Raman setup. By using equation (10), we measure — of Si directly 
to check the accuracy of our Raman setup. To test the reliability of the comparison 
dS 
method, i.e. equation (11),——of ZnSe heterostructure sample (D) are measured. 
dQ 
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Chapter 3 Band Bending at the interface of ZnSe/GaAs 
3.1 Results and discussions 
Since band alignment is very sensitive to the chemical as well as the structural 
properties of the interface, the presence of a buffer layer, although chemically the 
same as the epilayer, would have a significant effect. Band bending at the interface 
of ZnSe/GaAs grown with a buffer layer of different thickness was investigated by 
the excitation power density dependent studies. We found that band bending effect is 
different when the thickness of the buffer layer changes. In this chapter, we use 
Raman scattering to probe the interfacial quality and the band alignment of the 
hetero-stmctures grown. 
Figure 6 shows the unpolarized Raman spectra of the five heterostructure samples 
and of GaAs used here, as a reference. The excitation power of the incident laser 
light was 20mW. The peaks at 292 and 252 cm'' correspond to the GaAs and ZnSe 
LO phonon modes, respectively. Two notable features are observed in the figure: 
The first is the additional peak located between the GaAs LO and ZnSe LO peaks in 
the spectra of samples (B) and (C). It is at 266cm"' in sample (B) and 261 cm] in 
sample (C), which were determined by fitting the spectra with three Lorentzians. The 
additional peaks were found to have the same polarization character as that reported 
by O. Pages et al. (not shown here) [3]. Following their assignment, we attribute this 
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Figure 6. Room temperature Raman spectra of GaAs and ZnSe epilayers grown 
on (001) GaAs. The corresponding samples label, (A) to (E), from which the 
spectrum was obtained is indicated in the figure. The excitation power of the 
incident laser light used was 20mW. The spectra are shifted vertically for easy 
comparison. 
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peak to the coupled mode between the plasmon and the GaAs LO phonon, PLP. 
Since the frequency of PLP mode depends strongly on carrier density [6], the 
difference in the frequency between samples (B) and (C) might be caused by the 
difference in the free carrier densities of the two samples. The PLP mode is not 
observed in other samples. The origin and the changes of the PLP mode in samples 
containing a buffer layer of different thickness will be discussed later. The other 
notable feature observed is the evolution of GaAs LO intensity with buffer layer 
thickness. Compared with the GaAs reference, the intensity of GaAs LO peak is 
weaker in sample (B), possibly due to the appearance of the PLP mode, but becomes 
significantly stronger in samples (D) and (E). For example, in sample (D), it is about 
2.5 times stronger than that of reference. We think this enhancement of the GaAs LO 
intensity is a result of the EFIRS at the interface region, near which there exists a 
strong built-in electric field associated with the band bending on the GaAs side of 
the ZnSe/GaAs heterostructure. 
We had performed excitation power dependent Raman studies to probe the electric 
field and the band bending on the GaAs side of the hetero-structure. Since the 
photon energy of the 514.5nm laser line lies just below the fundamental band gap of 
ZnSe and above that of GaAs, electron hole pairs are mostly generated on the GaAs 
side of the heterostructure. However, the strong electric field at the interface would 
dissociate the photo-generated pairs. This dissociation would cause a partial 
screening of the interfacial electric field and a reduction of band bending. It has been 
shown that influence of photo-generated carriers on the band bending depends on the 
carrier density, lifetime and tunneling efficiency [6]. The stronger the incident laser 
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light, the higher the density of photo-generated carriers and thus the greater the 
screening of the interfacial electric field. Therefore, EFIRS becomes less important 
at high excitation powers. Figure 7 shows how the normalized Raman intensity of 
the GaAs LO phonon depends on the incident laser power for a few hetero-structures 
and GaAs. We note that there is a weak dependence for sample (B), which is about 
the same as that of the GaAs reference, but strong dependence for samples (A) and 
(D). The latter suggests that the interfacial electric field in samples (A) and (D) is 
greatly screened by the photo-generated carriers. The former suggests that the band 
bending effect in sample (B) is much smaller than in other samples. 
Besides the difference in the dependence of normalized GaAs LO intensity on the 
excitation power density, the shape of the Raman spectrum is also different for 
samples having a buffer layer of different thickness. Figure 8 shows the Raman 
spectra of sample (A) taken using incident powers of 2, 28 and 80mW, respectively. 
We see that for the excitation powers < 28mW, the intensity of the PLP peak is 
negligible, when compared to the GaAs LO and ZnSe LO peaks. However, it 
becomes comparable to the GaAs LO at 80mW. For samples (B) and (D), we have 
found that the shape and the relative intensities of ZnSe LO, PLP and GaAs LO 
peaks do not vary much with the excitation power. The spectra taken from sample 
(D) using laser powers of 2 and 80mW are shown in Figure 9. We note that the PLP 
peak does not appear, even when the excitation laser power is 80mW. 
Since the GaAs substrate is semi-insulating, there are too few free carriers to 
contribute to the PLP scattering as evidenced by its Raman spectrum, which shows 
weak excitation power dependence. The appearance of the PLP mode must be 
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Figure 7. Normalized Raman intensity of the GaAs LO phonon of samples (A), (B) and 
(D) as a function of the excitation power. The normalization is defined as Im/P, where 
Im and P are the integrated Raman intensity of the GaAs LO phonon and the power of 
the incident laser light, respectively. The solid lines are guidance for the eyes. 
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Figure 9. Raman spectra of sample (D) obtained at different excitation powers: 
(a) 2mW and (b) 80mW. The spectra are normalized to have the same GaAs LO 
peak intensity. The spectra are shifted vertically for easy comparison. 
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related to the presence of the ZnSe layer. A plausible origin for the appearance is the 
passivating effect of the low temperature grown ZnSe buffer on GaAs. In bulk 
GaAs, the PLP peak is difficult to observe even under very high excitation power 
because of the very high recombination velocity of GaAs surface, which shortens the 
carrier lifetime and keeps them from reaching a high enough steady state density. In 
the ZnSe/GaAs hetero-structures, the lifetime would be increased by the removal of 
oxides and the passivation of dangling bonds on GaAs surface during the growth of 
ZnSe buffer epilayer. The density of photo-generated carriers can now be raised 
under moderate excitation powers and is responsible for the observation of PLP 
peak, as shown in Figure 8. 
The X-ray diffraction measurements of the samples show that the degree of strain 
relaxation in sample (A) is 96% and in sample (D) only 6%. These measurements 
were done by Mr. Ha Kwong Leung and please refer to reference 44. Thus, the 
structural quality of the epilayer (D) has been greatly improved by initially growing 
a 28iim-thick buffer layer at low temperature. Lattice mismatch induced dislocations 
are often found near the interfacial region of hetero-structures. We expect the 
interface of sample (D) is of higher quality than that of sample (A), mainly in the 
fact that it contains much lower density of defects [44]. Improvement in the 
interfacial quality not only reduces the density of defects, but it also changes the 
electronic band alignment within the hetero-structure [3]. We think this change of 
band alignment, together with the reduction of defects determines whether the PLP 
mode is observable or not in each sample. 
Since sample (A) has a high density of interfacial defects, pinning of Fermi-level 
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would be expected. Considering the fact that as grown ZnSe is generally n-type, 
GaAs semi-insulting and the Fermi level pinned at an energy about 0.5eV above the 
valence band of GaAs [2], strong band bending would exist on both sides of the 
interface. An example of such band alignment appropriate for sample (A) is 
schematically shown in Figure 10. When excess electron hole pairs are photo-
generated, the built-in electric field tends to drive the holes to accumulate near the 
interface, creating a hole gas. On the one hand, the gas of sufficiently high density 
allows PLP to become observable; on the other hand, it screens the built-in electric 
field, reducing the EFIRS. The steady state density of the gas depends on the 
generation rate, which is proportional to the excitation power density, and on the 
lifetime of holes. For an interface containing too many defects, extremely high 
excitation power is needed to raise the density of the hole gas. This scenario is 
consistent with what we have found for the Raman spectra of sample (A): the PLP 
mode emerges and the normalized GaAs LO drops as we raise the excitation power 
(Figures 7 and 8). When the Fermi level is not pinned by interfacial defects, as 
would be the case for sample (D), the appropriate band alignment is more like the 
one shown in Figure 10. In this case, most of the photo-generated carriers tend to be 
swept away from the interface. The weak accumulation of electron gas would not be 
sufficient to give rise an observable PLP even under very intense excitation [3]. 
Reduced EFIRS becomes the remaining manifestation of the existence of screened 
built-in electric field. 
We note that the difference between samples (A) and (D) is only in the thickness of 









Figure 10. Schematic diagrams showing the electronic band alignments: (a) applies 
to the case of sample (A) and (b) to sample (D). The position of Ep approximately 
represents that of the Fermi level. 
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undergoes a reversal in direction as the thickness of the buffer layer changes by only 
28nm, as shown in Figure 10. For a sample with a buffer layer somewhere between 0 
and 28nm thick, it is the possible to have the occurrence of the flat band condition on 
the GaAs side. When this happens, a weaker dependence on excitation power for the 
GaAs LO is expected, since there is no longer electric field enhancement. The 
presence of a buffer, though too thin to remove all the interfacial defects, does help 
to reduce their density, which results in an increase in carrier lifetime. Long lifetime 
coupled with moderate photo-generation rate allows a steady state carrier gas to form, 
making PLP observable. These indeed happen for samples (B) and (C), which have 4 
and 16nm thick buffers, respectively, and whose Raman spectra are shown in Figure 
6. 
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Chapter 4 Characteristics of QD phonons 
Since the QD phonons are confined in a three-dimensional system, the phonon 
properties are quite different from those in bulk materials. Based on the similarities 
of our observed Raman mode in the QDs and those of references 15 and 16, we 
assign it as an interface IF mode, which is a ZnSe-like mode, lays between LO 
phonon and TO phonon modes of ZnSe. From our measurements, we show that 
certain features of the IF mode of the QDs are different from those of the ZnSe LO 
mode. Through angular dependent studies, the difference in their selection rules is 
brought out. We further explore the difference in the behaviors of the Raman shift, 
integrated Raman intensity, and FWHM through excitation energy dependent studies. 
Finally, we report on the measurement of the Raman scattering efficiency of the QDs. 
4.1 Angular dependent studies 
The experimentally measured angular dependent Raman spectra of QD sample (A) 
are shown in Figure 11. In these spectra, we have presented polarized and 
depolarized spectra at each 9, starting from the crystallographic direction [110] to 
[ 1 1 0 ] in I5O steps, arranged from the bottom up. For the polarized spectra, the 
bottom, middle and top spectra correspond to the scattering configurations z (x ' ,x ' ) z , 
z(x,x)z and z(y’，y’）z，respectively. For the depolarized spectra, they correspond to 
z (x ' ,y ' ) z , z(x,y)z and z(y ' ,x ' )z , respectively. However, in either the polarized or 
depolarized measurements, seven Raman spectra were measured, not only in the 
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Figure 11. Angular dependence of the depolarized and polarized scattering of QD sample (A) 
with respect to the crystallographic direction of the sample in the backscattering configuration. 
At an increment of 15°, the Raman spectra, which were measured from the crystallographic 
direction [110] of the sample to [110] at (a) 2.54eV and (b) 2.71eV, arranged from bottom up. 
The bottom (top) spectrum was obtained for the case in which the polarization of the laser 
parallel to the crystallographic direction [110] ([ iTO]) of the sample. 
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configurations just mentioned. The additional spectra provide more data points to 
give a reliable fitting, and can help display clearly the angular behavior. In later 
discussion, we will use the equations obtained from scattering mechanisms in zinc-
blende structured semiconductors and the relevant forms of the Raman tensors, to fit 
our results of angular measurements to get the values of the Raman polarizabilities. 
Guided by the angular behaviors derived from those mechanisms, we thus only 
selected the spectra in the crystallographic directions [110] and [iTO] to study the 
interference of the Raman polarizabilities. As we have found that the IF modes in 
QD samples (A) and (B) are approximately the same (Figures 20 and 23), we hence 
only show the spectra obtained from QD sample (A) for discussion. From the 
scattering mechanisms and forms of Raman tensors of zinc-blende structured crystal, 
which are described in Appendix 3, the selection rules of the IF mode are discussed 
with particular references to the following six scattering configurations: z(x'，x’)z, 
乏 (x ,x )z，z(y ' ,y ' )z，z(x ' ,y ' )z , z(x,y)z and z(y ' ,x ' )z . x, y and z are the 
crystallographic coordinate system. 
Figure 11 also compares the polarized and depolarized Raman spectra of the QDs in 
(a) non-resonant (2.54eV excitation) and (b) resonant (2.7leV excitation) conditions. 
In non-resonant condition, two peaks are observed in both the polarized and 
depolarized spectra at (i) ~247cm"', and (ii) ~292cm"V We assign them as scattering 
by the IF and GaAs LO modes, respectively. The FWHM of the IF mode, which is 
13cm-i, is estimated to be about 1.3 times broader than that of the GaAs LO mode. 
Because the signal of the GaAs LO is very weak, the estimate is only that. When 
both are seen in the spectra, the peak intensity of the IF mode is about a few tens 
times larger than that of the GaAs LO mode. In the polarized spectra, we can see that 
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the GaAs LO mode disappears in the configuration z(x, x)z but is strongest in the 
configurations z(x ' ,x ' )z and z (y ' ,y ' ) z . In the depolarized spectra, the GaAs LO 
mode disappears in the configurations z(x ' ,y ' )z and z(y',x’）z but is strongest in 
the configuration z(x,y)z • The distinct feature is that the GaAs LO mode becomes 
simultaneously strongest in the polarized spectrum and weakest in the depolarized 
spectrum and vice versa. But the IF mode appears in all six mentioned scattering 
configurations. 
Under resonant excitation, only one peak, which is at �253cm-i , is observed in the 
above six scattering configurations, i.e. Figure 11(b). Its FWHM is about � 1 1 cm] . 
One possible reason for observing only the IF mode but not the GaAs LO is that 
under resonance, absorption is too strong for the laser light to reach the GaAs 
substrate. The other two interesting features of the IF mode are its blue shift and 
narrowing when the excitation energy is tuned toward the energy gap Eq of ZnSe. It 
shifts from 247 to 253cm'^ while its FWHM narrows from 13 to 11cm"'. These 
changes are significant and not due to experimental errors. These two features will 
be investigated in details later, through the excitation energy dependent studies. 
For the QDs, we have already noted that the selection rules are different from those 
for the bulk LO of zinc-blende structure, i.e. the GaAs LO mode. However, we can 
see this difference only under non-resonant condition, because the magnitude of the 
GaAs LO mode is too weak to be observable under resonant condition. Therefore, to 
show the difference in the selection rules between the QD IF mode and the LO mode 
in zinc-blende structured crystals, the Raman spectra of a ZnSe heterostructure were 
also measured. 
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Figure 12(a) shows the spectra of the polarized and depolarized spectra of ZnSe 
heterostructure sample (D) excited at 2.54eV. There are again two peaks at ( i ) �2 5 3 
cm'^ and (ii) ~292cm'^ in the polarized and depolarized spectra. Their FWHMs are 
about 10cm"'. We assign them as scattering by the ZnSe LO mode and the GaAs LO 
mode, respectively. The magnitude of the ZnSe LO mode is about half of the GaAs 
LO mode. The spectra are shown in the same sequence as those in Figure 11. In the 
six scattering configurations, we see that the ZnSe LO mode and the GaAs LO mode 
behave similarly. Whenever the ZnSe LO mode appears or disappears, so does the 
GaAs LO mode. When the excitation energy is tuned to 2.7 leV, only the ZnSe LO 
peak remains in the polarized spectra with no or very weak signal in the depolarized 
spectra, as shown in Figure 12(b). The peak which appears in the polarized spectra is 
at ~253cm'' with a FWHM of 10cm"'. The disappearance of the GaAs LO mode 
probably has the same explanation as in the case of the QDs. In addition, there is a 
huge background that may have overwhelmed the ZnSe LO mode. However, when 
we look at the spectra carefully, we see that there is a hint for the presence of the 
ZnSe LO mode in the configuration z(x,y)z . Actually, the behavior of the 
depolarized spectra is of the same sense as in non-resonant conditions. From 0 = 
315^-45®) to qO，the peak intensity of the ZnSe LO mode increases from zero to a 
maximum. But it gradually decreases towards zero from 6 = 0® to 45®. The Raman 
shift and FWHM of the ZnSe LO mode are the same in both non-resonant and 
resonant conditions. 
„ Unlike the IF mode, narrowing and blue shift of the ZnSe LO mode do not occur 
when the excitation energy is tuned towards E � . Besides, a huge background signal 
appears under resonant condition for the heterostructure sample but not for the QDs. 
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Figure 12. Angular dependence of the depolarized and polarized scattering of ZnSe 
heterostructure sample (D) with respect to the crystallographic direction of the sample in the 
backscattering configuration. At an increment of 15°, the Raman spectra, which were measured 
from the crystallographic direction [110] of the sample to [ 110 ] at (a) 2.54eV and (b) 2.71eV, 
arranged from bottom up. The bottom (top) spectrum was obtained for the case in which the 
polarization of the laser parallel to the crystallographic direction [110] ( [110]) of the sample. 
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In non-resonant condition, to compare the peak intensity of the IF mode and the 
ZnSe LO mode, the intensity of the GaAs LO mode may be used as a reference for 
two reasons. Firstly, the thickness of epilayers grown on the substrates is nearly the 
same for the heterostmcture and the QD samples, which are 0.28 and 0.32jam 
respectively. Secondly, the composition of the epilayer in the heterostmcture is ZnSe 
while those in the QDs are mainly ZnSe with just a few mono-layer of CdSe. 
Therefore, the penetration depth should be nearly the same for both samples at the 
same excitation energy. We note that the intensity of the IF mode is about a few tens 
times larger than that of the GaAs LO mode, which in turn is double that of the ZnSe 
LO mode. Comparing with the Raman shift and FWHM of the ZnSe LO mode, the 
IF mode Raman shift is about 6cm"' less but its FWHM is 1.3 times broader. Under 
resonance, these differences get smaller. The intensity of the IF mode is just a few 
times larger, and its FWHM and Raman shift are nearly the same as those of the 
ZnSe LO mode. 
There are three accepted scattering mechanisms [34-41] in zinc-blende structured 
materials: (i) the dipole-allowed scattering via deformation-potential interaction, (ii) 
the q-induced dipole-forbidden scattering via Frohlich interaction, and (iii) the 
impurity-induced dipole-forbidden scattering via Frohlich interaction. The forms of 
the corresponding Raman tensors that contain parameters aop, ap and ai are shown in 
Appendix 3. For zinc-blende structured semiconductors, like ZnSe and GaAs, only 
the Raman polarizability aop contributes significantly to scattering when the 
excitation laser energy is far from resonance. However, as excitation laser energy 
approaches the energy gap Eo of the semiconductor, ap as well as a! may start to 
contribute to the scattering process. The latter is important if the impurity 
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concentration of the sample is large enough [34,37,39]. Under non-resonant 
conditions, the LO mode is active in the configurations z (x ' ,x ' ) z , z(y’，y’）z and 
z(x,y)z but inactive in the configurations z(x ' ,y ' )z , z(y’�x’）z and z ( x � x ) z . 
Furthermore, the intensity in the former three configurations should be the same, 
which were indeed the case as shown in Figure 12(a). Under resonance, the LO 
mode becomes active in all configurations, including the z (x ,x)z . And the Raman 
intensity is no longer equal in the configurations z(x’，x’）z, z(y ' ,y ' )z and z (x ,y )z , 
because of the contribution of ap, and a�[37,39]. We don't expect the contribution of 
ai be significant if the semiconductor is pure. Just by considering the above three 
scattering mechanisms, one important point to note is that no matter which 
mechanism is involved, Raman scattering in the configurations z(x',y’）z and 
z(y'，X丨)z are forbidden. 
The observations of the selection rules on the LO modes of GaAs and ZnSe can be 
understood qualitatively by the three previously mentioned mechanisms. For the 
QDs, these mechanisms cannot account for the forbidden scattering in the 
configurations z(x ' ,y ' )z and z(y’，x’）z. Addition considerations may be needed. 
From the form of Raman tensor, equations expressing the intensities of the polarized 
and depolarized scattering of zinc-blende crystals as a function of 9 can be derived, 
the result of which is shown in Appendix 3. In extending this result to account for 
the Raman scattering of the QDs, we introduce a new Raman polarizability ax, apart 
from the Raman polarizabilities aop, ap, and a!. At this point, we need not specify 
how this new Raman polarizability arises. For simplicity, we have assumed that ax 
appears in both the polarized and depolarized scattering, and it does not have any 
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angular dependence. When so modified, the angular dependent Raman intensities 
now becomes: 
In the polarized scattering 
I// oc [ap + aop X sin(29)]^ + ai^  + ax^ 
= u { [ a F + aop X sin(2e)]2 + ai^ + a x ^ } 
=uxaop {[aF/aDP+ sin(2e)]^  + (ai/aop)^ + (ax/aop)^ } 
=u’{[aF/aDP+ sin(2e)]2 + (a,/aDP)^ + (ax/aop)^ }, (12) 
and in the depolarized scattering 
I丄 oc [aDP X cos(2e)f + ax2 
= u{[aDpxcos(2e)f+ ax^} 
= u x aoP {[cos(2e)]2 + (ax/aop)^} 
= u，{[cos(2e)]2 + (ax/aDP)2}, (13) 
where u is a proportionality constant and u' = u x aop. 
To find the intensity from the experimentally measured spectra, the peak shape of 
the IF mode is fitted to a Lorentzian, whose integrated intensity corresponds to or 
I丄.Good fits were always obtained, as was demonstrated in Figure 4 of chapter 2. 
Owing to the contributions of sample inhomogeneity, drifts of optical as well as 
electronic equipment, the proportionality constant u' in equations (12) and (13) is 
difficult to determine. So we use instead the ratio of I" to I丄 to analyze our measured 
angular dependent results. In calculating this ratio, u' is cancelled out. We call this 
ratio as depolarization ratio DR. 
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Dr = [Ai+sin(2e + A4)]2+(A2)2+(A3)2 , 。‘） 
(八3)2 +[COS(2e + A4)]2 ， 
a a 
where Aj = ~ — , A2 = ~ — , A3 = ~ — and 八4= phase constant, are the fitting 
^DP ^DP ^DP 
parameters. By fitting the angular dependence of DR data to equation (14), we can 
get from the values of the fitting parameters the Raman polarizabilities ap, ai and ax 
in terms of aop. The fitting parameter A4 is introduced to allow for a small error in 
the angle 9 when we pasted the sample on the sample holder. This parameter is used 
to compensate for this angular error, in fitting our experimentally measured DR data. 
The fitted parameters are shown in Table 2 for QD sample (A). 
Table 2. The fitted parameters of QD sample (A) at different excitation energies. 
Energy (eV) I Ai I A2 I A3 
2.41 0.760 — 1.49 “ 1.03 
2.47 0.545 1.49 0.806 
2.50 0.546 1.58 0.923 
2.60 0.138 1.57 0.891 
2.71 0.288 2.54 1.40 — 
Our experimentally measured DR data for QD and heterostructure samples are well 
fitted by equation (14). The fitted results of the DR for QD sample (A) are shown in 
Figures 13 and 14 at excitation energies of 2.41eV and 2.71eV respectively. The DR 
data points are shown to indicate the goodness of the fit. We also use equations (12) 
and (13) to generate the curves for I// and I丄 respectively. The measured data of I// 
and I丄 shown are divided by the mean value of u' obtained from the polarized and 
- depolarized measurements shown in Table 3 for the corresponding 0. The details for 
how to get u' will be discussed later. 
47 
90 90 
7， 120 z 广 一 ： 〜 ’ 、 6 0 7 | 120 , “^—〜'‘ 
6 一 ^ ^ 6 ! -
； f 丨 丨 r / s � 
0 180 - Z 0 y 0 
® 2 4 0 . 〜 . 」 I 一.1 , 3 0 0 ‘ I 300 
270 270 
( a ) ( b ) 
90 
7 1 120 .广，-•、、\60 
M Z 4 150 / Z \ \ 3 0 
/ / j\ 
0 I 180 - / y : 0 
丨'1 \ / / 
: | / 3 � 
6 �• 
1 一 , _ 300 
270 
(c) 
Figure 13. The polar plot of QD sample (A) excited at 2.4 leV: (a) DR, (b) I丄，and (c) I". 
The solid line representing the fitted equations and data (•) are shown. The “0” 
represents the crystallographic direction [100] while the "90" represents [010]. The 
scale is shown in arbitrary unit. 
48 
90 90 
12 120 ^ \ 60 12 , 120 ^^  -^-^eO 
： X � \ 1:: Z N 
6 \ 30 6丨 VO 
：：广 r 7 Y“ ) 
0 180 - ) f - 0 0 M80 ^ ( J - 0 
： I C o / ：-丨 • / 
6 21o\ /330 6 ] 21o\ j 狐 
8 \ / \ / 
10 Z 10 ： \ Z 




12 1 2 0 Z . • 一 ’ ‘ 〜 ’ 6 0 
0 -  180 • I 产 .丨 0 
： \ J 
10 -I v Z 
HJ 240 丨 .，300 
12 I I 
270 
( C ) 
Figure 14. The polar plot of QD sample (A) excited at 2.71eV: (a) DR, (b) I � �a n d (c) I � . 
The solid line representing the fitted equations and data ( • ) are shown. The "0" represents 
the crystallographic direction [100] while the "90" represents [010]. The scale is shown in 
arbitrary unit. 
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Table 3. The proportionality constant u' determined from QD sample (A) 
at different excitation energies. 
u’（10—6 cm sr A) 
Energy (eV) 0 Obtained from the Obtained from the Average 
Polarized scattering Depolarized scattering  
Z4 i 458±5% 453±5% 456±5% 
60 414 — 443 428 — 
~T5 476 448 
m 323 
~105 ^ m ^ ^ 
120 ^ ^ ^ ^ 
^ ^ 242 
147 45 ^ ^ 590 
515 ^ 
3l7 ^ m ^ 
135 593 — 591 592 — 
^ ^ 4 5 593 — 565 5 7 9 — 
60 507 — 576 542 — 
75 542 ~ 555 , 549 — 
m 
^ 349 375 
' m 416 
2M 45 4% 498 ~ ~ 4 9 7 
60 501 — 516 509 — 
^ ^ 503 
~90 ^ ^ ^ 
Tos ^ ^ 
"I20" 556 — 555 555 — 
135 504 — 506 505 
^ ^ 45 8242 — 8217 8229 ~ 
91^ 9 m ~ 
75 9230 — 8939 9084 
涵 
105 8937 — 9254 9095 
T o m 10002 10097 
^ e m ^ 
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In Figures 13 and 14, we note that the angular profiles of the DR and I" have a two-
fold symmetry while that of I丄 has a four-fold symmetry. In the polar plots of the DR, 
I// and I丄，the scales (no unit) shown are relative. Their absolute magnitudes cannot 
be determined directly because the information is insufficient. The maximum values 
of DR and I//occur a t9 = 45° and 225® while that of I丄 has additional maxima at 135® 
and 3 1 U n d e r the resonant condition (Figure 14), the angular profiles of the DR, I// 
and I丄 have maxima at 45。，225^ 135® and 315^ Note that the change in the 
symmetry of the DR from two-fold to four-fold is related to the nature of Raman 
tensors. According to equation (12), terms involving ai and ax do not show any 
angular dependence in the polarized scattering, i.e. isotropic. If ap is insignificant, 
the angular dependence of the term containing aop alone has four-fold symmetry. 
But in the case that not only aop but also ap is significant, the angular dependence of 
I// shows two-fold symmetry because aop and ap have interference effect [34,37-41]. 
A constructive interference occurs occur at 0 = 45® and 225® while a destructive 
interference at 135° and 315^ Therefore, ap is the reason for the reduced symmetry. 
As the contribution of ap becomes less important, the four-fold symmetry is regained, 
as seen in Figure 14 that two additional maxima occur at 135�and 315®. However, in 
the depolarized scattering, aDp as well as ax contribute to the scattering. Similarly, 
the angular dependence of the term containing aop shows four-fold symmetry while 
that of ax is isotropic. There are several Raman polarizabilities giving rise to 
scattering at the same time so that the behavior of individual Raman polarizability is 
difficult to notice. Using equation (14), the relations between the fitted parameters 
and the Raman polarizabilities are obtained to figure out the excitation energy 
dependent of Raman polarizabilities individually. 
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We can calculate the relative values of the Raman polarizabilities and find out their 
dependence on the excitation energy. The changes of these Raman polarizabilities 
are plotted as a function of excitation energy in Figure 15. Figures 15(a) and (b) 
display the scattering parameters of QD samples (A) and (B) correspondingly. The 
Raman polarizabilities ap, a! and ax are normalized with respect to aop because only 
• a j 
the relative values can be found from our fitting method. We see that in general  
a DP 
and increase, but decreases, when excitation energy approaches Eo of 
a DP ^DP 
ZnSe. This means that the contribution of ap becomes smaller compared with ax and 
ai as the energy of excitation increases towards resonance. From the fitting results of 
DR, we see that the impurity component plays such a dominant role in the scattering 
process, as the relative magnitude of a! is the greatest. According to references 27 
and 34, the contribution of ai is different in zinc-blende structured materials and in 
QD systems. For the same concentration of impurities, the contribution of ai is much 
more significant in QDs than in bulk material. Since the impurities are confined 
inside the QDs, the possibility of the interaction between carriers and impurities is 
much higher. Therefore, for even a small amount of impurities, their contributions in 
the scattering process in the QDs are very important. This explains why the impurity 
component ai plays such a dominant role in the Raman scattering process of the QDs. 
Though the origin of the ax is not clear at this stage, the contribution of ax increases 
under resonance. We will come back to discuss the origin of ax later. Now we just 
keep on discussing the Raman polarizabilities. 
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Using the parameters Ai to A4 obtained from the fitting to angular dependent 
intensities, we could calculate I// and I丄 as a function of 6 using equations (12) and 
(13) respectively. At each studied 9, we determine the ratio of the measured I" to the 
calculated I", which corresponds to u'. From I丄 data, we can also determine the ratio 
of the experimental one to the calculated one. We expect that u' obtained from I" and 
I丄 to be the same for the same 6 because the incident light is focused on the same 
point in the measurements of the I" and I丄 spectra, and the signal was collected under 
the same conditions using the same equipment. Besides, u, does not show any 
angular dependence at the same excitation energy, but excitation energy dependence, 
because u' is as a function of aop, which has excitation energy dependence. 
Referring to Table 3, our results support this argument. We find that the percentage 
deviation of u，between I" and I丄 at each 6 is within 10%. This deviation may be 
mainly due to different spectral response of the gratings for different polarization of 
incident light, as shown in Figure 27 in Appendix 2. However, u' varies with 6 at the 
same excitation energy with a maximum deviation of about -50%. We found that the 
surface quality of the QD samples is not uniform. As mentioned before, the incident 
light cannot be focused to the same spot in the angular dependent studies so that the 
variation may come from the non-uniformity of the surface quality. It is because u' 
is determined from the absolute intensity of the signal, which in turn is affected by 
the surface quality of sample. When the excitation energy is tuned from 2.41 to 
2.71eV, u' is found to be increasing. 
We can roughly estimate the contribution of the aop to the Raman scattering 
r d S � 
efficiency —— of QD sample (A) and ZnSe heterostructure sample (D). 
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First, the magnitude of I obtained at 9 = 0° is subtracted by that obtained at 6 = 45® 
and we call it F. Then we substituted 1 = 1，into equation (11). From Figure 16, we 
see it is about - 1 0 times larger than that of the aop of ZnSe LO mode at 2.4leV. 
Then they gradually merge together as the excitation energy approaches Eq of ZnSe. 
This elucidates that the ZnSe LO phonons gradually resonate with excitation energy, 
instead of the IF mode of the QDs, when the excitation energy approaches the band 
gap energy of ZnSe. Additional supports of this interpretation come from the blue 
shift and the narrowing of FWHM of the IF mode when approaching resonant, i.e. 
the Raman shift and FHWM of IF mode gradually become dominated by the ZnSe 
LO mode. 
According to reference 42b, the E mode and Ti mode vibration of zinc-blende 
structured crystals can explain the appearance of the forbidden mode in the QDs in 
the configuration z(x 'y ' )z . Now, we try to analyze whether the new Raman 
polarizability ax is related to either one of these modes (E and Ti) or not. 
From the tensor of E vibration mode, 
I// oc b^  [1 + 3 cos^ (2e)], (15) 
I丄 oc3bW(2e), (16) 
and from the tensor of Ti vibration mode, 
I//occ2， （17) 
l iocO, (18) 
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Figure 16. Estimation of the contribution of aop to the Raman scattering efficiency of 
heterostructure sample (D) ( • ) , and QD sample (A) ( • ) . 
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From the general equation of the bulk ZnSe in the polarized and depolarized 
scattering, we consider that the above vibration modes (E and Ti) appear in the 
scattering process of the QDs. From the analysis, only Ti vibration mode can explain 
our experimental data. Although the E vibration mode can explain the appearance of 
the forbidden mode in the configuration z(x', y,)z orz(y'，x’)z，it doesn't agree with 
the form of equation (14). Adding the Ti vibration, the depolarization ratio should be 
modified as follows: 
D R _ [ B i + s i n ( 2 e + B 4 ) ] � B 2 + B3 ， (19) 
[cos(2e + B 4 ) ] 2 + B 3 ， 
2 2 2 • 
where Bi = —^，B2= — ^ , B3 = , and B4 = phase constant. The Raman 
^DP a D P a D P 
tensor component c of Ti mode corresponds to ax. Equation (19) is the same kind of 
equation as (14). So this is a strong evidence supporting our idea of an additional 
scattering term ax. E vibration mode is a good candidate. With the support of their 
theoretical background, we are convinced that our results are reliable. 
Up to now, we have discussed the possibilities for the observation of the forbidden 
mode. The forbidden mode can be traced to Ti vibration mode, whose Raman tensor 
is anti-symmetric. We can see that the Raman intensity of the QD samples are more 
intense than that of ZnSe heterostructure sample at near 2.41 eV excitation. The 
explanation for this observation is that IF mode is under resonance with the 
excitation even at energies below Eo of ZnSe. If the resonant condition is satisfied, 
the Raman tensor is no longer required to be symmetric [42b]. That means the anti-
symmetric part of Raman tensor is not zero anymore, i.e. Ti vibration mode. 
Therefore, the origin of ax is possibly due to the fulfillment of resonant condition. 
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However, in zincblende structured crystal, the Ti vibration mode isn't present even 
in resonant condition (compared Figures 11(b) and 12(b)). This implies that Ti 
vibration mode is the distinct feature of QD phonons. 
The above analysis is based on the validity of equation (14). If the assumption is 
wrong，then the results are not reliable. So we use the angular dependence of DR 
data of ZnSe heterostmcture (D) at 2.41eV to check the reliability of the empirical 
equations and to locate systematic errors. For ZnSe heterostmcture sample, the fitted 
parameters Ai，A3, and A4 obtained were all found to be zero, i.e. only aop exists, 
which agrees with the expected result of the scattering mechanisms [34-41] involved. 
Using these parameters, the polar-plots of the DR, I// and I丄 of the ZnSe 
heterostmcture are shown in Figure 17，in which the data points at 6 = 45°, 135°, 
225。，and 315° in DR are neglected because the value of these data points is much 
larger than the rest, they are excluded in the polar-plot for clarity. The 
experimentally measured data are also shown for the DR while I// and I丄 are 
generated by using the fitted parameters to facilitate comparison with the polar plots 
of Figures 14 and 15. Both the angular dependences of I// and I丄 show four-fold 
symmetry, as expected according to those mentioned scattering mechanisms for 
zinc-blende structured materials. Comparing I丄 of QD sample (A) with that of ZnSe 
heterostmcture (D), we notice that although their angular dependent behavior show 
four-fold symmetry, there is a circle present inside the four-fold leaf of the latter. 
This additional feature is a result of the presence of the Raman polarizability ax. For 
I//, the same feature is present too, but in this case the radius of the circle is much 
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Figure 17. The polar plot of the heterostructure sample (D) excited at 2.4 leV: (a) DR, (b) 
I丄，and (c) I//. The "0" represents the crystallographic direction [100] while the “90” 
represents [010]. (•) represents our experimentally measured data. 
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4.2 Excitation energy dependent studies 
In Figure 10, we see that the Raman shift and FWHM of the IF mode roughly vary 
as functions of excitation energy. Through the excitation energy dependent studies, 
these two features are investigated thoroughly. Figures 18 and 19 show the Raman 
spectra in the excitation energy dependent studies of QD samples (A) and (B) 
respectively, in the scattering configurations z(x’，x’）z , z(y ' ,y ' )z , z(x,x)z , 
z (x ,y )z , z(x ' ,y ' )z and z(y ' ,x ' )z . In Figure 18，the Raman shift of the IF mode of 
QD sample (A) shifts to higher frequency, its FWHM becomes narrower, and the 
intensity increases with the excitation energy. At each excitation energy, the peak 
position of the IF mode is the same in all six mentioned scattering configurations. It 
is found that QD sample (B) shows the same features, shown in Figure 19. Therefore, 
we can conclude that the behaviors of these samples are quite similar. This is the 
reason why we only focused on the analysis of QD sample (A) in the previous 
section. The signal to noise ratio for some spectra is not as good because the 
acquisition time used for measuring those spectra is shorter than others. In Figures 
18 and 19, the measurements are taken at 2.41, 2.47, 2.50, 2.61 and 2.7leV 
excitation. The magnitude of the spectra taken at 2.7 leV is about a few tens larger 
than the spectra at other excitation energies. For easy comparison with other graphs, 
the magnitude of the spectra taken at 2.7 leV is divided by 10. The blue shift of the 
Raman peak, and narrowing of the FWHM are obtained from Lorentzian fits to the 
spectra for excitation energies from 2.41 to 2.71eV. The changes for both QD 
‘ samples (A) and (B) in the Raman shift and FWHM with excitation energy are 
plotted in Figures 20(a) and (b) respectively. The results of QD sample (A) are 
nearly the same as those of QD sample (B). Figure 20(a) shows that the Raman shift 
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Figure 18. Excitation energy dependence of Raman spectra of QD sample (A) were 
carried out in the configurations ( a ) z ( x ' x ' ) z , (b) z ( x ' y ' ) z , (c) z ( y ' y ' ) z , (d) 
, z(y,x’)z，(e) z ( xx ) z and (f) z (xy )z . The excitation energies are 2.41eV, 
2.47eV, 2.50eV, 2.60eV and 2.71eV starting from bottom up. 
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Figure 19. Excitation energy dependence of Raman spectra of QD sample (B) were 
carried out in the configurations (a) z ( x ' x ' ) z , (b) Z(X'y’)Z，(c) Z(y'y’)Z，（d) 
z ( y ’ x ’ ) z , (e) z ( x x ) z and (f) z ( x y ) z . The excitation energies are 2.33eV, 2.41eV, 
2.47eV, 2.50eV, 2.60eV and 2.71eV starting from bottom up. 
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increases linearly towards the value of the ZnSe LO mode, at the same time the 
FWHM decreases linearly towards the value of the ZnSe LO mode according to 
Figure 20(b), as the excitation energy approaches Eq. Previously, we assigned the 
observed mode as the IF interface mode. However, after carrying out these studies, 
we found that this is not as simple a case as we thought originally. For the observed 
Raman peak in the QDs, it seems there are two resonances: one is associated with 
ZnSe LO mode while the other with the IF mode. When the excitation energy is tune 
towards 2.7 leV，the ZnSe LO mode becomes dominant. But the IF mode becomes 
dominant for the excitation energy below the Eq gap of ZnSe. These two features 
(shifting and narrowing) reveal that the mode observed under Eq resonant condition 
is dominated by the ZnSe LO mode. For the same QD system, H. Rho et al. [15] also 
observed these features but they did not discuss them in any detail. According to 
reference 45, the interference effect between ap and aop are too weak so that they 
cannot observe any constructive or destructive interference for ZnSe heterostructure 
sample. In the previous section, we found that the contribution of ap becomes less 
important under resonance, i.e. four-fold symmetry is observed. Therefore, this is 
another support for arguing that the observed Raman mode of the QD samples under 
resonance is the ZnSe LO mode. 
4.3 The nature of the QD phonons 
After describing all the characteristics of the Raman mode of the QDs, we come 
back to discuss why this mode is believed to come from the interface between the 
capped ZnSe and CdSe. H. Rho et al. [15,16] performed measurements from a 
cleaved edge of a capped QD sample in the configuration y '(x 'x ')y ' at 0.1|j,m 
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increments along the growth direction. They discovered that the Raman mode seems 
to be strongly confined in the layer where the CdSe self-assembled QDs are found, 
and have decreasing amplitude away from it. Therefore, they assigned it as an IF 
mode. One might wonder that the IF phonons might possibly originate from a planar 
interface between the top of the ZnSe buffer layer and the bottom of the CdSe 
wetting layer. To rule out this possibility, they prepared 4- and 6-ML-thick uncapped 
CdSe self-assembled QD samples and measured their Raman spectra. No scattering 
from the IF phonons associated with the CdSe-ZnSe interface was observed. 
Resonant Raman scattering from a capped CdSe self-assembled QD sample showed 
strong coupling of the IF phonons to excitons localized in CdSe self-assembled QDs. 
The Raman shift of the IF mode is about 245cm"^ for excitation energy at 2.41eV. 
According their another paper [15], they also observed the shift and narrowing of the 
IF mode as functions of the excitation energy. But they had not described how these 
features behave. Together with PL data of QDs [15], they strongly believed that the 
observed Raman mode corresponds to the IF mode of QDs. In the excitation energy 
range from 2.15 to 2.4eV, they measured the integrated intensity of the IF mode. The 
maximum integrated intensity was found at ~2.22eV, which is about SOmeV higher 
than the PL peak of QDs. They also quoted the theoretical work by P. A. Knipp et al 
[46], who used a dielectric continuum model with an assumption of spherical dot 
boundary condition, and found that the calculated IF phonon frequency is at 242cm"' 
for the IF mode quantum number /=1. In a spherical dot boundary, only the l=\ 
mode has nonzero oscillator strength and is optically active due to spherical 
symmetry. 
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Apart from the explanation of the presence of the IF mode, this observed Raman 
mode can also come from the ternary alloy mode, i.e. ZnxCdi-xSe. Another group (A. 
Kaschner et al) [17] claimed that the observed Raman mode corresponds to the 
ZnSe-like LO phonons ofZnxCdi.xSe with x = (70 土 5)o/o. They used the 488nm line 
of an Ar+Kr+ laser as the excitation source and found the Raman mode at 246.4 cm''. 
However, the layer of the CdSe is very thin, just about a few nm so that we don't 
expect the presence of the alloy mode. If the alloy mode exists, its selection rules 
should be nearly the same as the bulk zinc-blende structured materials. Therefore, 
through the polarization studies, we have shown that the selection rules of the 
observed Raman mode in the QDs behaves totally different from that of the LO 
phonons of zinc-blende structured crystal. 
Moreover, people have suggested that the poor crystalline quality of ZnSe can also 
cause its Raman scattering to become similar to that of QD phonons. If the 
crystalline quality of ZnSe is poor, we should observe the TO mode of ZnSe. They 
even think the selection rules of TO mode are the same as those of the QD phonon 
mode. In our observations, we didn't observe the TO mode. It implies that the poor 
crystalline quality of ZnSe cannot explain the behavior of the IF phonons. Although 
we didn't performed any experiment to confirm the origin of the IF mode, we base 
assignment on the similarity of our data to the results of H. Rho et al. [15,16]. We 
suggested that the observed phonon mode is the IF mode of the QDs. 
The IF mode is observed in many systems in the backscattering configuration 
[12,15,16,23]. Those studies found not only the selection rules of the IF mode but 
also its Raman shift and FWHM are different from the bulk crystals. H. Rho et al. 
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[16] observed Raman signal in the configurations z(x’，x’）z and z(x ' ,y ' )z , while J. 
Groenen et al. [23] in the configuration z (x ,x)z . But L. Artus et al. [12] found that 
the selection rules of the QD phonons are the same as those of the bulk zinc-blende 
semiconductors. The QD phonons appear in the configuration z(x,x)z but not in the 
configuration z(x,y)z . Although the experimental results are not consistent, the 
consensus is that we believe the selection rules of IF mode are different from those 
of the bulk zinc-blende semiconductors. 
The Raman shift of the IF mode, which is between that of the ZnSe LO mode and 
that of the CdSe LO mode, is nearly the same at different angle 9. We did not 
observe the appearance of the ZnSe LO mode, but H. Rho et al. [15,16] did. 
Although the ZnSe LO phonons is not detected by us, we think it still exists because 
it shows up under resonance. The Raman intensity of the IF mode of the QD samples 
are about 60 times stronger than that of the LO of the ZnSe heterostructure sample 
for the excitation energy at 2.4leV, which is far below the energy gap Eo of ZnSe. 
We can see that the integrated intensity of the ZnSe LO mode (at ~253cm'^) is very 
weak when compared with the IF phonons of the QDs so that the ZnSe LO phonons 
were not detected. 
4.4 The measurement of the Raman scattering efficiency of QDs 
In the following discussion, we will use equation (11) and Si as a reference to find 
the Raman scattering efficiency — of QD samples (A) and (B). Besides, ^ o f Si 
dQ dL2 
and ZnSe heterostructure sample (D) were also measured. The purpose of measuring 
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1Q 
— o f Si and ZnSe heterostructure sample (D) was to check the accuracy and 
dQ 
dS 
reliability of our experimental setup. The results on — of Si and ZnSe 
heterostructure sample (D), which are shown in Appendixes 4 and 5, respectively, 
agree well with the works from other groups [45,47,48]. So we will just focus on 
dS 
——measurement of the QDs in this section. 
dQ 
From equation (11), 
- 丄X 工 
广 dS 丫 7.75x10—5 
In Appendix 4，an empirical relation of - — is given to — for T = 
VclQ J (/?03l - 3 . 4 ) 
/ d s Y 
115K. To use the empirical relation of ——at room temperature, a factor of 1.35 
[dQj 
has to be multiplied, because the Bose-Esintein thermal factor at room temperature is 
about 1.35 times larger than that at 115K, i.e. 
fdS Y 7.75x10—5 . 
——= 7x1.35 in sr cm unit. (20) 
{dQJ ("©1-3.4)4 
The optical constants of ZnSe needed to calculate the factor K, in applying equation 
(10) are obtained from references 49 and 50. These optical constants of ZnSe are 
shown in Figures 21(a), 21(b) and 21(c) and the calculated K' in Figure 21(d). In 
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Figure 21. The optical constants for ZnSe from Adachi e/.a/,(solid line) and Palik(dashed line): 
(a) absorption coefficient a , (b) reflectance R, (c) refractive index n, and (d) factor K'. 
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calculating K，，L is taken as the thickness of a plane parallel layer of the sample 
because ZnSe doesn't absorb any energy of the incident light in the spectral range 
(2.4-2.71eV). The L of our samples is in the range of 0.28-0.35|im. The factor K' 
shown in Figure 21(d) is calculated using L 二 0.35|im. 
dS 
We only have used the optical constants of ZnSe to calculate —— of the CdSe/ZnSe 
dQ 
QDs because only a very thin layer of CdSe (a few atomic layers) is grown. The 
optical constants of ZnSe found in references 49 and 50 are different. So the 
calculated K' is also quite different, see Figure 21(d). However, when we take log 
of equation (11), we get 
1 f d s ) 1 f d s n , r n ^ � 
H 计 l o g 间 〜 ( 2 1 ) 
The value of log ——is obtained from equation (21), and that of log ——from 
U Q j J 
f d S ' � 
using the optical constants. The values are plotted in Figure 22. log and 
V / 
log ——are nearly linear in our region of interest. Besides, log - is quite the 
l ^ ' J V 
same, even when different sets of optical constants of ZnSe are used. Therefore, no 
matter which set is used, the results obtained are not affected much. We simply used 
the optical constants of ZnSe from reference 49 because its data are more detailed 
and updated. The thickness L of the sample for QD samples (A) and (B) are 0.32 |im 
and 0.35 [im respectively. 
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Figure 23 shows ——of the QDs in the configurations z (x ' ,x ' )z , z (x ,x )z , z (x ,y )z , 
dQ 
dS 
and z (x ' ,y ' ) z . Apart from the QDs,——of the ZnSe epilayer measured by us and of 
d Q 
bulk ZnSe by Limmer et al. [45] are also shown for references. The details of how to 
dS 
measure ——of the ZnSe heterostructure are described in Appendix 5. Referring to 
dQ 
Appendix 5，the results of the ZnSe epilayer give us a solid support to trust the 
results obtained for the QDs. It is because the results of ZnSe heterostructure match 
dS 
up well with the works in reference 48. — of ZnSe heterostructure was measured 
using excitations at 2.41, 2.61 and 2.71eV while that of the QD samples 2.41, 2.47, 
dS 
2.49, 2.54, 2.61 and 2.71eV. The general trend is that ——of the QD samples is 
dQ 
about 100 times larger than that of ZnSe heterostructure sample (D) at 2.4leV. We 
think this is the first time that the Raman scattering efficiency of the QDs at different 
excitation energy has been measured. When the excitation energy approaches to the 
energy gap Eo, the difference gets smaller. Basically, both the IF and the ZnSe LO 
modes participate in the Raman scattering referring to the previous conclusion. This 
feature was also observed according to the reference 16. 
J O 
——of the two QD samples are found to be nearly the same. The magnitudes of 
dQ 
— o f the QD samples in different scattering configurations are z(x'x')z > z(xx)z 
dQ 
> z(xy)z « z(x'y')z for all excitation energies. This is quite different from 
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Figure 23. Experimentally measured Raman scattering efficiency of heterostmcture sample (D) 
(•)，QD sample (A) ( • ) and QD sample (B) (x) were carried out in configurations (a) z ( x ' x ' ) z ’ 
(b) z (x ' y ' ) z , (c) z (xy)z and (d) z (xx )z at room temperature. The solid line, which represents 
the measured Raman scattering efficiency of the bulk ZnSe from Limmer et al. [45] for the 
corresponding configurations, are shown for comparison. 
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the behavior found in ZnSe heterostructures. There is no Raman signal in the 
z(x’y,)z configuration for the latter. However, for the QDs, the magnitude of the 
measured Raman signal is nearly the same among the z(xy)z and z(x'y')z 
configurations. The appearance of the forbidden scattering in the z(x'y')z 
configuration is the most distinct feature. The presence of the IF mode is a good 
explanation for this feature. 
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Conclusions 
Using laser Raman scattering we have studied MOCVD grown semiconductor 
heterostructures and QDs. Several kinds of measurements in the backscattering 
configuration from the (001) surface of samples have been carried out. These include 
measuring the (i) excitation power density dependence of intensity, (ii) angular 
dependence of intensity and (iii) resonant curve with excitations in the energy range 
of 2.41 to 2.71 eV. ZnSe/GaAs heterostructures containing low-temperature grown 
ZnSe buffer layers, 0-3 5nm thick, were investigated. Excitation power density 
dependent studies show that band bending is strong in the heterostructures grown 
without and with thick buffer layers (> 28nm), but weak in the sample grown with a 
thin 4nm buffer. We suggest a reversal of the built-in electric field occurs when the 
thickness of the buffer layer increases. This reversal is caused by the improvement in 
the interfacial quality, which unpins the Fermi level and affects the band bending. 
The CdSe QDs were embedded in ZnSe epilayer on GaAs. From the Raman spectra 
of the QD samples, the IF mode and the ZnSe LO mode were identified. Resonant 
excitation experiments were carried out in the energy range from 2.41 to 2.7leV. 
We found that the characteristics of the IF mode of the QDs are different in several 
ways from those of the LO phonons of ZnSe epilayers or bulk ZnSe. First of all, the 
selection rules of scattering derived from accepted mechanisms in zinc-blende 
structured crystals are no longer appropriate for the QD mode, despite the fact all the 
semiconductors involved are of that structure. Forbidden scattering are found in the 
configurations z(x’，y’)z and z(y ' ,x ' )z • Secondly, scattering efficiency 
measurements showed that scattering of 2.4leV photons by QD phonons is about 
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100 times stronger than phonons in bulk material. Moreover, a blue shift and 
narrowing were observed for the QD mode but not for the LO phonons in resonant 
scattering studies. However, the QD mode becomes gradually obscured by the LO 
mode as excitation energy approaches 2.71eV, at which point resonance with the Eo 
gap of ZnSe dominates the Raman spectra. To account for these differences, we 
propose an additional scattering mechanism associated with an anti-symmetric 
Raman tensor. The necessity of this addition and the form of the tensor find 
justification in the fact that our angular dependence studies of the scattering intensity 
can be quantitative fitted. By comparing the ratios of the scattering efficiency of the 
mechanisms involved, we also noticed that impurities play a dominant role in 
scattering process of QD phonons. This is perhaps because the interaction between 
carriers and impurities are stronger and higher in probability in a confined system. 
As calibrations and confirmations of our experimental procedures in measuring the 
Raman scattering efficiency of QDs, the scattering efficiency of silicon and ZnSe LO 
phonons were also measured. The latter two are found to agree with other published 
results. However, we believe it is first time that the former has been measured. 
Under resonant conditions, the law of the conservation of momentum does not hold 
true. Then the anti-symmetric tensor is allowed and the Raman scattering efficiency 
becomes much larger. The Raman scattering efficiency of QD phonons being 100 
times higher than that of ZnSe LO phonon is a solid support for the resonance 
occurred between QD phonons and photons. Another resonance occurs when the 
excitation energy is about the energy gap Eo of ZnSe, i.e. 2.71eV. The former 
resonance is associated with the IF phonons while the latter with the ZnSe LO 
phonons. That's why the difference in efficiencies between QDs and ZnSe gets 
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smaller. These two resonances is also a good explanation for the blue shift of the 
observed Raman mode of QDs and the narrowing of the FWHM for the excitation 
energy tuned from 2.41 to 2.7leV. For the excitation energy near Eo, the latter 
resonance occurs in both QDs and ZnSe so that their efficiencies, Raman shifts and 
FWHMs become nearly the same. 
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Future work 
We have studied the properties of QD phonons in the excitation energy range from 
2.41 to 2.7leV. To extend our measurements, the excitation energy around 2.1eV 
should be carried out. From the PL measurements of the QD samples, we believe 
QD emission peak is present about 2.1eV. Besides, the theoretical support has not 
been fully discussed in my thesis. So connections of the data to the theory of light 
scattering in QDs should also be the focus in the next stage. 
78 
Appendix 1 
In the polarization studies, we have used the Polaroid polarizing sheet as the 
analyzer of the scattered light. To obtain the Raman scattering efficiency of samples 
in these studies, we need to know the transmittance Tp of this polarizing sheet. A 
Hitachi double beam spectrophotometer was used to measure Tp. 
We denote the ruling direction of the grating as X2, which is parallel to the slit 
direction of the spectrophotometer. 
X2 
entrance 
slit _ ^ Xi 
Figure 24. The front view of the Hitachi double beam spectrophotometer. 
Now we assume the polarization of the light source is polarized along an arbitrary 
direction, i.e. 
X2 
• Polarization of 
Z incident light 
X e 
' • xi 
So, the intensity of the incident light can be resolved into two components and 
E x • 
X2 
E x | = E o c o s e , (22) 
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Ex2=Eosine， (23) 
where Eo is the magnitude of the E-field of the incident light. 
And the intensity of the reference beam Ir= R�丨(Eo cos 6) + R^^ (Eo sin 6) , where 
R^ and R^^ are the reflectance of the grating in xi-direction and X2-direction 
respectively. 
Firstly, we placed the polarizing sheet in the sample holder such that the plane of the 
polarizing sheet was perpendicular to the propagation direction of the unpolarized 
incident light, and rotated it such that the polarization of the transmitted light was 
along X2-direction. Then we got the transmittance T// spectrum as follows, 
T//=I///Ir & I//=Tp Rx2(Eosine)2. 
After that, another spectrum T丄 was taken for the case that the polarization of the 
transmitted light was along xi-direction. 
Similarly, T丄=I丄/ Ir & I丄=Tp R x, (Eo cos 9)^ 
T丄+ T// = Tp. 
The sum of T丄 and T// spectra is the transmittance of the Polaroid polarizing sheet Tp. 
Figure 25 shows the spectra of T", T丄，and Tp. We found that Tp«0.35 throughout 
the spectral range of interest. This result holds for any 9. So it also holds for partially 
polarized light. 
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Figure 25. The transmittance of the Polaroid polarizing sheet vs wavelength: the 
top line is Tp =T丄 + 丁“； the midde line T丄；and the bottom one T". 
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Appendix 1 
To measure the relative system spectral response R of our experimental setup, we 
placed a tungsten lamp in front of the entrance slit of the Spex 1404 spectrometer 
and a polarization scrambler in between to produce unpolarized light. The color 
temperature of the tungsten lamp was about 3300K, which was used in the 
calculation of the blackbody radiation spectrum. The blackbody radiation W [51], 
which is defined as the energy density per unit time per unit wavelength, is 
聯 T ) = 端 ; ( 2 4 ) 
where it is in unit of Watts per cm^per A. A plot of W a s a function of wavelength is 
shown in Figure 26. 
Owing to the difference in grating response to the light polarization, the relative 
spectral response spectra of the light polarization parallel to R" and perpendicular to 
Rathe rulings of the grating are measured. To measure R" and R丄,a Polaroid 
polarizing sheet was used to make the polarization of the incident light parallel and 
perpendicular to the rulings of the grating respectively. We used a photomultiplier 
tube detector to collect the spectra in both cases. The spectra obtained by the 
photomultiplier tube detector are shown in Figure 27. Then these spectra were 
divided by the blackbody radiation spectrum of the tungsten lamp with temperature 
=3300K to get R" and R丄,which are plotted in Figure 28. 
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Figure 27. The detected signals of the tungsten lamp as a function of wavelength of the incident 
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Appendix 1 
Different scattering mechanisms by LO phonons [34-41] give rise to different forms 
of Raman tensors in bulk zinc-blende structured crystals. These are listed as follows: 
(1) Dipole-allowed scattering via deformation-potential interaction 
_ 0 a DP 0" 
Rdp = a^p 0 0 
_ 0 0 0 
(2) q-induced dipole-forbidden scattering via Frohlich interaction 
"ap 0 0 “ 
Rp = 0 ap 0 
0 0 ap 
(3) Impurity-induced dipole-forbidden scattering via Frohlich interaction 
"a, 0 0_ 
R, = 0 a, 0 
_0 0 a, 
aop, ap, and ai are the corresponding Raman polarizabilities. We assumed that 
momentum transfer q « 0 in this consideration. 
From the above Raman tensors, we can calculate the general form of Raman 
intensity in the depolarized and polarized scattering from the surface [001] of a 
sample in the backscattering configuration as a function of 6. Referring to Figure 3, 




The Raman scattering efficiency ——of LO phonons can be written as a function 
of the Raman tensor [42c], 
dS coc^co, h He / VI ， — 2 
石 = + n ( �o ) ] x | e s . R . e L | , (25) 
where CO L (COs) is the frequency of the incident (scattered) photon, c is the speed of 
light in vacuum, V^ the volume of the primitive cell, M the reduced mass of the unit 
cell, Q^^ the frequency of the LO phonon, n ⑴⑴） the LO-phonon occupation 
number, the refractive index, and the polarization vector of the 
incident (scattered) light. 
As seen in this equation (25), the intensity of Raman spectra is proportional to 
Cs - R - ^ l • Some studies [34,37-41] pointed out that ap and aophave interference 
effect and a! doesn't interact with them. Therefore, the Raman intensity in the 
polarized scattering 
I// oc [ap + aop X sin (26)]^ + ai^ (26) 
and in the depolarized scattering 
I丄 oc [aop X cos (29)]1 (27) 
In equations (26) and (27), only the Raman polarizability aop is involved in the 
depolarization scattering. But the Raman polarizabilities ap, aop, and a! are involved 
in the polarized scattering. 
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Appendix 1 
In the following discussion, we will use equation (10) to determine the Raman 
dS 
scattering efficiency ——of Si from measured Raman signal I. Our results will be 
dQ 
compared with the previous works of Limmer et al. [45] and Cardona et al. [47]. The 
purpose of this measurement is to verify the accuracy of our experimental system in 
. d S 
measuring ^ ^ . 
dS 
Our measurements were carried out at room temperature. According to equation 
dQ 
dS 
(10), there is still one factor K' needed to determine ——of Si from the measured � dQ 
Raman signal I. To calculate K', the optical constants of Si used [52] are shown in 
Figure 29a, 29b and 29c. Besides, we follow most other workers to take L as the 
penetration depth 1/a of the incident light. In the excitation energy range from 2.41-
2.71eV, the penetration depth of the incident light is greatly smaller than the 
thickness of Si wafer so that L can always be taken as 1/a. The factor K' is shown in 
Figure 29d. According to Figure 29d, K' decreases linearly from 2.41 to 2.7leV by a 
factor of � 5 . The measured Raman signal I from Si per unit incident power for 
excitation energies in the range of 2.4-2.7eV is shown in Figure 30. The value of the 
physical constants for Si and their units are shown in Table 4. By using equation (10), 
dS 
the result of ——of Si is obtained and plotted in Figure 31. 
dQ 
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Figure 29. The optical constants for Si: (a) absorption coefficient a , b) reflectance R, (c) 
refractive index n, and (d) factor K'. 
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Figure 30. Measured Raman intensity I of Si normalized by the excitation power 
density as a function of excitation energy. 
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dS 
Table 4, Physical constants of Si used to find — 
dQ 
Atomic mass of Si M ^ 糊 ^ j q - 2 6 ^ g 
Bose-Esintein thermal factor N 0.099 (at 300K) and 0 ( 1 1 5 K ) ^ 
Solid angle of the collection optics Q 0.5 sr 
Outside the sample 
The thickness of a plane parallel layer of Si i 5 X 10"^  - 1.11 X 10 ' c m for 
L =  
+ excitation energy 2.41 - 2.71eV 
Lattice constant of Si A , . . ^ -10 
5 . 4 X lU m 
Phonon frequency of Si ^ 0.16 x lO^Sad s"^  
No of primitive cell per unit volume of Si N ^ 奶^ ^ 10—29 
To see whether our results are reasonable or not, we compare our results with 
Cardona et al, who had carried out the measurements twice, and Limmer et al. Their 
results are also shown in Figure 31. 
dS 
The solid line in Figure 31 represents the first ——measurement of Si done by 
dQ 
Cardona et al. [47]. In their experiment, they had measured the Raman tensor 
component aop of Si. According to them, the Raman Scattering Efficiency can be 
related to aop, and for Si, is 
dS / a ) s � 4 m . . 2 �� 
dQ �c 7 Mo)� 
where N = number of primitive cells per unit volume 
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Figure 31. The Raman scattering efficiency of Si. The solid line is the result obtained from the 
equation (28) while the dashed the equation (29). The "o" (‘‘ + ,，）represents our results of Raman 
scattering efficiency of Si for the case that we take g as 0.5 (0.3). 
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h = Plank's constant, 
M = atomic mass of Si, 
cOg = scattered frequency, 
� 0 = phonon frequency, 
n = Bose-Esintein thermal factor 
= . (Icb is the Boltzman constant) 
e ^ - 1 
By using equation (28) we substitute the Raman tensor component aop of Si shown 
in reference 47 together with the parameters of Si shown in Table 4 to calculate —— 
dQ 
of Si. Since our experiments were carried out at room temperature, the calculation 
was also for room temperature to allow direct comparison. 
After that, Cardona et al did the same experiment again [47]. Limmer et al. found 
that their results are agreeable with Cardona's later results and used an empirical 
relation to represent a good interpolation [45] of the experimental data of Cardona et 
al.’ which is 
dS 7.75x10-5 . . 1 
f (；^�l -3.4)4 unit, (29) 
where 方⑴ [ i s excitation energy (in eV). Equation (29) is the empirical relation that 
applies at 115K. We need to account for the Bose-Esintein thermal factor to allow 
proper comparison with our results. The Raman scattering efficiency at room 
temperature is about -1 .35 times larger than that at 115K. Therefore, we have 
multiplied the equation (29) by 1.35，which is the dashed line shown in Figure 31. 
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We see that the results are quite different in these two measurements, i.e. solid line 
dS 
and dashed line. Therefore, they demonstrate the difficulty in measuring —— 
dQ 
accurately. The difference can be considered to be possible range of experimental 
errors. The "o" ("+") represents our results for the case that we take g as 0.5 (0.3). In 
dS 
our calculation, if we assume g = 0.5, our ——value are slightly below the dashed 
dQ 
line. But our results get closer when g is 0.3. It is reasonable to think that the 
reflectance of gratings have decreased to a certain level, i.e. about 60-70% of the 
dS 
original value. So we have obtained values of ——for Si consistent to those of 
dQ 
Cardona et al. This demonstrates that the experimental procedures we follow are 
dS 
capable of yield quantitative values of ^ . 
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Appendix 1 
Using the same comparison technique in finding the Raman scattering efficiency 
of the QDs to find — of ZnSe with the aid of equation (11). The results will 
dQ dQ 
be compared with the works of Cardona et al. [48] and Limmer et al. [45]. 
The optical constants of ZnSe from reference 49, which are shown in Figure 21，are 
dS 
used. The thickness of the ZnSe epilayer is 0 . 2 8 | a m . — — o f ZnSe in the 
d Q 
configuration z(xy)z is shown in Figure 32, in which the results from references 45 
and 48 are also plotted. In Figure 32, the dashed (solid) line is the results in reference 
48 (45). Since the results of Limmer et al. were carried out at 115K, their data were 
corrected for the temperature effect. According to reference 43，we have assumed the 
shift of energy gap Eo of ZnSe is about -0.1 eV for a change in temperature from 
dS 
115K to 298K. We shift all — curves obtained from Limmer et al. to lower energy 
by 0.1 eV. 
Actually, another correction factor, which is needed but we haven't included, is the 
1Q 
Bose-Esintein thermal factor. The intensity of ——at 115K is about � 1 . 3 5 times 
d Q 
1 Q 
smaller that at room temperature. However, we find that ——of Si at 115K (solid 
d Q 
line) is larger than that at room temperature (dashed line) near resonant condition. 
Therefore, this correction is not applicable. 
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Figure 32. The Raman scattering efficiency of ZnSe as a function of excitation energy. This 
Raman scattering efficiency was measured in the configuration z (xy )z • The solid line is 
obtained from Limmer group. The dashed line is obtained from Cardona group. Our data ( • ) 
are also plotted. The results from Limmer group was taken at 115K while that from Cardona 
group and us were at room temperature. 
96 
Our results are more agreeable with the results of Cardona et al. [48]. As mentioned 
dS 
before, the higher the temperature the lower 一 is. But the results from Cardona et 
dQ 
dS 
al. reveal that - — of pure ZnSe at room temperature is 1.35 times lower than that at 
dQ 
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